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Spin currents can exert spin-transfer torques on magnetic systems even in the limit of 
vanishingly small net magnetization, as is the case for antiferromagnets. Here, we 
experimentally show that a spin-transfer torque is operative in a material with weak, short-
range magnetic order – namely, a macroscopic ensemble of superparamagnetic-like Co 
nanomagnets. We employ element- and time-resolved X-ray ferromagnetic resonance 
(XFMR) spectroscopy to directly detect sub-ns dynamics of the Co nanomagnets, excited 
into precession with cone angle ≥0.003o by an oscillating spin current. XFMR 
measurements reveal that as the net moment of the ensemble decreases, the strength of the 
spin-transfer torque increases relative to those of magnetic field torques. Our findings 
point to spin-transfer torque as an effective way to manipulate the state of nanomagnet 
ensembles at sub-ns timescales.  
 
A flow of spin angular momentum, or spin current, injected into a thin-film magnetic 
medium can exert a spin-transfer torque (STT) on the magnetization1–3. STT enables a variety of 
scalable and energy-efficient nanoscale ferromagnetic devices for computing and 
communications applications4–7. Furthermore, STT can efficiently rotate the magnetic order of 
materials with zero net moment. For instance, STT (in particular, spin-orbit torque) allows for 
Néel vector switching8,9 and auto-oscillations10,11 in antiferromagnets. STT therefore may permit 
nanoscale information-technology devices based on antiferromagnets, which are insensitive to 
stray magnetic fields (e.g., of up to ~10 T) due to the strong inter-sublattice exchange coupling.  
The net magnetization also averages to zero in a thermally disordered ensemble of 
weakly interacting ferromagnetic or superparamagnetic nanoparticles (e.g., often used in 
biomedical applications12), particularly in the absence of an applied magnetic field. These 
nanomagnets are not exchange-coupled to each other, such that a large fraction of the 
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nanomagnet moments can relax (align) along a moderate field of ~0.1-1 T. However, this 
relaxation process involves a finite timescale, e.g., a few nanoseconds governed by the Gilbert 
damping rate13. On a shorter timescale, the moment mi of each nanomagnet precesses about the 
field H, as mi is driven by the precessional torque 𝛕𝐇~−𝐦𝐢 × 𝐇. This field-driven precessional 
torque sums to zero in the limit of vanishing total magnetization (Fig. 1(a)), which is the case for 
a thermally disordered ensemble. By contrast, a spin current with polarization s exerts a STT of 
the form 𝛕𝐒𝐓~𝐦𝐢 × 𝐬 ×𝐦𝐢
1–3, which yields a finite sum even when the ensemble has zero net 
magnetization (Fig. 1(b)). Thus, on a sub-ns timescale, STT can yield a non-vanishing global 
torque in a nanomagnet ensemble with null net moment, whereas the precessional field torque 
alone cannot. This is partially analogous to the effectiveness of STT in antiferromagnets.  
 
Figure 1. Illustrations of torques acting on an ensemble of magnetic moments, which sum to zero net 
magnetization, from (a) an externally applied field H and (b) spin current with polarization s.  
 
Prior experiments have shown that STT can control the state of a single 
superparamagnetic nanoisland14 or nanoscale junction7,15–17, as well as a nearly saturated 
ensemble of nanomagnets18–20. Yet, none has demonstrated STT in a macroscopic ensemble of 
nanomagnets in a near-zero net magnetization state (Fig. 1(b)). In this Letter, we present 
experimental confirmation of a global STT in such an ensemble of superparamagnetic-like 
mi
H
H ~ (-miH) = 0
(b)(a) s
ST ~ (mismi)  0
mi
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nanomagnets. We perform spin pumping experiments21–24 on a spin-valve-like film stack of 
NiFe/Cu/CoCu: the NiFe layer excited by microwave ferromagnetic resonance (FMR) pumps a 
coherent AC spin current that is absorbed by the granular CoCu spin sink, which consists of Co 
nanomagnets embedded in a nonmagnetic Cu matrix25,26. This nanomagnet ensemble is 
ferromagnetic-like at low temperature and superparamagnetic-like at room temperature, thereby 
allowing us to compare the effect of STT on these two distinct global magnetic states. We 
employ the element- and time-resolved X-ray ferromagnetic resonance (XFMR) technique24,27–33 
to directly detect torques on the Co nanomagnet ensemble at the sub-ns time scale. While torques 
from the microwave and interlayer dipolar fields decrease sharply in the superparamagnetic-like 
state, a substantial global STT generated by the AC spin current survives in the nanomagnet 
ensemble. Our results point to STT as an effective way to drive an ensemble of nanomagnets at 
the sub-ns time scale.  
We employed DC sputter deposition with MgO substrates held at room temperature, 
resulting in polycrystalline films. Granular thin films of Co25Cu75 were grown by co-sputtering 
Co and Cu targets; Co and Cu are immiscible, such that nanoscale Co granules segregate in the 
matrix of Cu25,26. The film composition was set by the Co and Cu deposition rates and 
corroborated by energy-dispersive X-ray spectroscopy. We estimated an average granule size of 
<16 nm in Co25Cu75 films from powder X-ray diffractometry.  
Single-layer 10-nm-thick Co25Cu75 films exhibit superparamagnetic-like behavior at 
room temperature. As shown in Fig. 2(a), our vibrating sample magnetometry measurements 
reveal room-temperature magnetization curves with zero coercivity and remanence. We observe 
similar magnetization curves for in-plane and out-of-plane field directions, indicating that static 
magnetic properties are not governed by the thin-film shape anisotropy. The nearly isotropic 
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magnetization curves are consistent with isolated superparamagnetic-like Co granules embedded 
within the Cu matrix, rather than a homogeneous solid solution of Co and Cu atoms.  
 
Figure 2. (a,b) Room-temperature in-plane (IP) and out-of-plane (OP) magnetization curves (a) and 
magnetoresistance curves (b) for single-layer Co25Cu75(10). The magnetization in (a) is normalized by the 
estimated Co volume. (c,d) Element-resolved in-plane magnetization curves measured with XMCD for 
NiFe(10)/Cu(5)/CoCu(10) at (c) room temperature and (d) 30 K. (e,f) In-plane magnetoresistance curves 
for NiFe(10)/Cu(5)/CoCu(10) at (e) room temperature and (f) 30 K.  
 
The magnetic field dependence of resistance (Fig. 2(b)) serves as additional evidence for 
the granular nature of the Co25Cu75 film. We observe a pronounced decrease in resistance R with 
increasing magnitude of magnetic field, with a magnetoresistance ratio of |R(0)-R(1.4 T)|/R(0) = 
|R|/R0 ≈ 2% at room temperature. The magnetoresistance is similar for both in-plane and out-of-
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plane fields, consistent with previously reported isotropic giant magnetoresistance (GMR) in 
single-layer granular magnetic thin films25,26.  
We have further examined static magnetic properties of the granular Co25Cu75 film in a 
spin-valve-like Ni80Fe20(10)/Cu(5)/Co25Cu75(10) stack (thickness unit: nm) designed for our spin 
pumping experiment. By utilizing element-resolved X-ray magnetic circular dichroism (XMCD), 
separate magnetization signals are obtained for the NiFe layer from the Fe L3 edge and the CoCu 
layer from the Co L3 edge. As shown in Fig. 2(c,d), the NiFe and CoCu layers show qualitatively 
distinct field dependence, which verifies that the two layers are not exchange coupled across the 
Cu spacer layer34. The room-temperature XMCD magnetization curve for CoCu shows 
superparamagnetic-like behavior with zero coercivity. By contrast, finite coercivity is observed 
at lower temperatures (e.g., 30 K, Fig. 2(d)), as thermal fluctuations are suppressed and the Co 
nanomagnets collectively behave like a ferromagnet. The room-temperature magnetoresistance 
curve of the NiFe/Cu/CoCu stack (inset Fig. 2(e)) is similar to that of single-layer CoCu (Fig. 
2(b)) and indicates that the CoCu layer in the NiFe/Cu/CoCu stack is also granular. Low-
temperature magnetoresistance curves show finite coercivity (Fig. 2(f)), consistent with the 
XMCD magnetization curve at the Co edge (Fig. 2(d)). Overall, our results in Fig. 2 corroborate 
the granular nature of Co25Cu75 and the superparamagnetic-like (ferromagnetic-like) behavior of 
the Co nanomagnet ensemble at room temperature (low temperature).  
We now discuss the interplay of spin current and the Co nanomagnets in the 
NiFe/Cu/CoCu stack. We first look for evidence of the CoCu layer acting as a spin sink in 
broadband FMR spin pumping measurements21–23, using a variable-temperature coplanar-
waveguide spectrometer with the sample magnetized in the film plane. In these measurements, 
we detect and analyze the FMR signal from NiFe; the FMR signal from CoCu is negligibly 
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small. From the linear slope of the NiFe FMR linewidth versus frequency (Fig. 3(a)), we obtain 
the Gilbert damping parameter  (see Supporting Information). At room temperature,  of the 
control sample without a CoCu layer is ≈0.007, in line with typical values for Ni80Fe20 (Refs. 
35,36).  
Compared to this control sample, the NiFe/Cu/CoCu sample exhibits  that is enhanced 
by ≈0.002 (+30%). The magnitude of this damping enhancement is similar to prior results on 
spin-valve-like structures, where spin current is pumped from a NiFe layer and absorbed by 
another ferromagnetic layer23. The broadband FMR results thus suggest that granular CoCu acts 
as a sink for the spin current. We further observe that  is consistently greater by ≈0.002 for 
samples with the CoCu spin sink, independent of temperature (Fig. 3(b)).  
However, the broadband FMR measurements do not indicate whether the spin current 
generates any STT in the Co nanomagnet ensemble. To probe the magnetization dynamics of the 
Co nanomagnets directly, we have performed time- and element-sensitive XFMR measurements 
under a continuous-wave 3-GHz microwave field excitation. Details of the XFMR method can 
be found in Supporting Information and Refs. 24,33, and here we emphasize that XFMR is a 
pump-probe technique that leverages XMCD to separately detect dynamics in the NiFe spin 
source (Fe L3 edge) and the granular CoCu spin sink (Co L3 edge). Specifically, we measured the 
oscillating magnetization (along the y-axis in Fig. 3(c)) transverse to the externally applied DC 
field Hx (along the x-axis in Fig. 3(c)) for each Fe and Co.  
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Figure 3. (a) Frequency dependence of the peak-to-peak FMR linewidth Hpp for 
NiFe(10)/Cu(5)/CoCu(10) and control NiFe(10)/Cu(5) at room temperature. The solid lines show linear 
fits to obtain the Gilbert damping parameter. (b) Temperature dependence of the Gilbert damping 
parameter . (c) Schematic of FMR spin pumping, with NiFe as the spin source and Co nanomagnets as 
the spin sink. (d) Example of XFMR amplitude (AC XMCD) versus microwave delay for NiFe (Fe) and 
the nanomagnet spin sink (Co). The vertical dotted line emphasizes the offset in precessional phase.  
 
Figure 3(d) shows examples of XFMR pump-probe delay scans, acquired at room 
temperature and μ0Hx = 9.6 mT close to the resonance field of NiFe. Sinusoidal oscillations are 
evident for both the NiFe layer and the Co nanomagnets. We comment on two key observations: 
(1) Since the X-ray beam spot has a diameter of ~100 μm, the XFMR signal originates in the 
spatially averaged dynamics of >>106 Co nanomagnets. The observed sinusoidal oscillations for 
the Co nanomagnet ensemble, even when it is in the small-net-moment superparamagnetic-like 
state, shows strong evidence of the presence of a STT as we discuss below. (2) The Co 
magnetization precesses with a phase delay relative to the Fe magnetization, which implies that 
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the dynamics of the Co nanogranules and the NiFe spin source are not directly coupled via static 
exchange interaction. Instead, the dynamics of Co and NiFe may be coupled via STT21–24,29,33.  
In addition to the STT, the microwave field24 and the interlayer dipolar coupling field 
(e.g., Orange peel coupling)27 could generate additional torques that drive the precession of the 
Co magnetization. Although these field torques vanish in systems with zero net magnetization 
(Fig. 1(a)), the net magnetization of the Co nanomagnet ensemble here is not strictly zero, due to 
the finite DC bias field of μ0Hx ~10 mT that is necessary for inducing the FMR of NiFe. We 
therefore must account for the possible roles of the microwave and dipolar field torques on the 
Co nanomagnets. On the other hand, we neglect a “field-like” STT, 𝛕𝐅𝐋𝐒𝐓~−𝐦𝐢 × 𝐬, which 
cannot be readily distinguished from the microwave and dipolar field torques. This assumption 
of negligible field-like STT is justified, because it is typically much smaller than the 
conventional “damping-like” or “Slonczewski-like” STT,  𝛕𝐒𝐓~𝐦𝐢 × 𝐬 ×𝐦𝐢, in metallic spin-
valve-like stacks1,2.   
To determine the strength of the STT relative to the microwave and dipolar field torques, 
we analyze the amplitude and phase of magnetization precession versus Hx. Figure 4 summarizes 
our XFMR measurement results at 30 K (Fig. 4(a,b)) and 200 K (Fig. 4(c,d)) where the Co 
nanomagnet ensemble is ferromagnetic-like, and at room temperature (Fig. 4(e,f)) where the Co 
nanomagnets are superparamagnetic-like. The results show a clear FMR response of the NiFe 
spin source that is largely independent of temperature: the precessional amplitude, 𝐴𝑠𝑟𝑐 ∝
√∆𝐻2 [(𝐻𝑥 − 𝐻𝐹𝑀𝑅)2 + ∆𝐻2]⁄ , exhibits a peak at the resonance field μ0𝐻𝐹𝑀𝑅 ≈ 10 mT with a 
half-width-at-half-maximum linewidth μ0∆𝐻 ≈ 1 mT, and the precessional phase,  
tan𝜙𝑠𝑟𝑐 = ∆𝐻 (𝐻𝑥 − 𝐻𝐹𝑀𝑅)⁄ ,  (1) 
undergoes a shift of 180° across the resonance28.  
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Figure 4. Field (Hx) dependence of precessional (a,c,e) amplitude and (b,d,e) phase for the NiFe spin 
source (Fe) and nanomagnet ensemble spin sink (Co) at (a,b) 30 K, (c,d) 200 K, and (e,f) room 
temperature. In each panel, the solid blue curve represents the fit with the total torque, tot, in the Co 
nanomagnet ensemble, taking into account both the interlayer dipolar torque (dip) and the STT (ST).  The 
dashed gray curve represents the contribution from dip (with ST = 0 in Eqs. (2) and (3)), and the solid 
green curve represents the contribution from ST (with dip = 0 in Eqs. (2) and (3)).  
 
The XFMR signal at the Co edge is more than an order of magnitude smaller, as shown in 
the plots of the Co amplitude normalized by the Fe amplitude (Fig. 4(a,c,e)). It was therefore 
impractical to acquire sufficient signal-to-noise ratios at many values of Hx for Co within our 
allotted synchrotron beam time. Nevertheless, the data in Fig. 4 permit us to draw quantitative 
conclusions about the STT on the Co nanomagnets. 
 Firstly, the precessional phase for Co does not exhibit a 180° shift, which verifies the 
absence of Co FMR (i.e., the Co magnetization is not driven resonantly by the microwave field) 
in the measured range of Hx. We then self-consistently fit the observed amplitude 𝐴𝐶𝑜 and phase 
𝜙𝐶𝑜 at the Co edge with the following equations, derived from coupled Landau-Lifshitz-Gilbert 
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equations24,31,33, accounting for the off-resonance microwave field torque, dipolar field torque, 
and STT: 
𝐴𝐶𝑜 = 𝐴0
𝐶𝑜√1 + (𝛽𝑑𝑖𝑝
2 + 𝛽𝑆𝑇
2 )sin2𝜙𝑠𝑟𝑐 + 2(𝛽𝑑𝑖𝑝 sin𝜙𝑠𝑟𝑐 cos𝜙𝑠𝑟𝑐 + 𝛽𝑆𝑇sin2𝜙𝑠𝑟𝑐), (2) 
tan(𝜙𝐶𝑜 − 𝜙0
𝐶𝑜) =
𝛽𝑑𝑖𝑝sin
2𝜙𝑠𝑟𝑐−𝛽𝑆𝑇 sin𝜙𝑠𝑟𝑐 cos𝜙𝑠𝑟𝑐
1+𝛽𝑑𝑖𝑝 sin𝜙𝑠𝑟𝑐 cos𝜙𝑠𝑟𝑐+𝛽𝑆𝑇sin
2𝜙𝑠𝑟𝑐
.  (3) 
Here, 𝐴0
𝐶𝑜 is a coefficient proportional to the microwave field torque, taken to be constant in the 
measured range of Hx. 𝛽𝑑𝑖𝑝 and 𝛽𝑆𝑇 are coefficients that parameterize the dipolar field torque and 
STT, respectively, normalized by the microwave field torque24,33.  
The dipolar field torque and STT are orthogonal to each other and hence exhibit 
qualitatively distinct Hx dependences. For instance, the dipolar field torque yields a precessional 
amplitude that is antisymmetric about Hx = HFMR (dashed gray curve in Fig. 4(a,c,e)), whereas 
the STT yields a precessional amplitude that is symmetric about Hx = HFMR (solid green curve in 
Fig. 4(a,c,e)). This symmetry is reversed for the precessional phase (Fig. 4(b,d,f)): the dipolar 
torque (STT) generates a symmetric (antisymmetric) curve.  
We further note that the microwave and dipolar field torques both depend on the net 
magnetization of the Co nanomagnet ensemble. As the net magnetization decreases with 
increasing temperature, the microwave and dipolar field torques are expected to decrease at the 
same rate. The coefficient 𝛽𝑑𝑖𝑝 relating these two torques is thus assumed to be constant with 
temperature at 𝛽𝑑𝑖𝑝= 0.53+/-0.08, derived from the results at 30 K (Fig. 4(a,b)). This simplifying 
assumption leaves 𝐴0
𝐶𝑜 and 𝛽𝑆𝑇 as the only free parameters in Eqs. (2) and (3) for fitting the 200 
K and room temperature results.  
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Figure 5. Temperature dependence of (a) 𝐴0
𝐶𝑜, the coefficient proportional to the off-resonance 
microwave field torque, and (b) 𝛽𝑆𝑇, coefficient proportional to the ratio between the STT and microwave 
field torque. The error bars are derived from the 95% confidence intervals of the fit parameters in Eqs. (2) 
and (3).  
 
The amplitude of the Co XFMR signal decreases markedly with increasing temperature 
(Fig. 4(a,c,e)), as evidenced by an order of magnitude reduction in 𝐴0
𝐶𝑜 from 30 K to room 
temperature (Fig. 5(a)). This trend is partially accounted for by the reduced net magnetization of 
the Co nanomagnet ensemble at higher temperatures. However, our XMCD magnetometry 
results (Fig. 2(c,d)) suggest that the Co net magnetization at μ0Hx ~10 mT decreases by only a 
factor of ≈4 between 30 K and room temperature, such that there is likely an additional 
contribution to the ≈10-fold decrease of 𝐴0
𝐶𝑜. We postulate that an increased effective damping in 
Co nanomagnets due to enhanced thermal fluctuations37 may reduce the precessional cone angle 
for Co and hence 𝐴0
𝐶𝑜.  
While the net magnetization and the field torques in the nanomagnet ensemble become 
small at room temperature, an enhanced role of the STT relative to the field torques is suggested 
by the increase of 𝛽𝑆𝑇 with increasing temperature, as shown in Fig. 5(b). Recalling that 𝛽𝑆𝑇 is 
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proportional to the ratio of the STT over the microwave field torque, the trend in Fig. 5(b) 
indicates that any reduction of the global STT in the nanomagnet ensemble is modest, compared 
to the sharp suppression of field torques, when magnetic order diminishes at elevated 
temperatures. This trend is also qualitatively consistent with the physical picture in Fig. 1 that the 
global STT remains finite even in a magnetic system with null net moment.  
Furthermore, our results from different temperatures verify that STT is operative 
regardless of whether the Co nanomagnet spin sink is ferromagnetic-like or superparamagnetic-
like: a coherent AC spin current generates a torque in each nanomagnet (e.g., superparamagnetic 
nanoparticle), resulting in a finite net torque summed over the macroscopic ensemble (Fig. 1(b)). 
Our findings thus point to STT as an effective mechanism at the sub-ns time scale to manipulate 
a macroscopic collection of superparamagnetic-like nanomagnets.  
 We finally comment on the sensitivity of the XFMR setup in our study. By comparing the 
amplitudes of the XFMR and static XMCD scans, we have estimated the resonant precessional 
cone angles. The cone angle for the FMR-driven NiFe spin source is ≈1.0o, similar to prior 
experiments24,27–33. Remarkably, the average cone angle of the Co nanomagnets at room 
temperature is estimated to be only ≈0.003o. This XFMR setup is therefore an excellent tool for 
examining small-angle dynamics in multi-layered and multi-element thin-film systems.  
 In summary, by employing time- and element-resolved XFMR spectroscopy, we have 
detected a STT that is driven by a coherent 3-GHz AC spin current in a macroscopic ensemble of 
Co nanomagnets. After disentangling the combined effects of the STT and the field torques, we 
find that the STT contribution is present regardless of whether the nanomagnet ensemble is in the 
low-temperature ferromagnetic-like state or the high-temperature superparamagnetic-like state. 
Our results highlight a fundamental feature of STT — that angular momentum supplied by a spin 
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current can efficiently manipulate magnetic systems, even those with a vanishingly small net 
moment. From a practical perspective, STT may be an attractive mechanism to align an 
ensemble of nanomagnets for computing and sensing applications at sub-ns timescales.  
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